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ABSTRACT
We present the results of a Hubble Space Telescope (HST) study of dwarf galaxies in the outer
regions of the nearby rich Perseus Cluster, down to MV = −12, and compare these with
the dwarf population in the cluster core from our previous HST imaging. In this paper we
examine how properties such as the colour magnitude relation, structure and morphology are
affected by environment for the lowest mass galaxies. Dwarf galaxies are excellent tracers of
the effects of environment due to their low masses, allowing us to derive their environmen-
tally based evolution, which is more subtle in more massive galaxies. We identify 11 dwarf
elliptical (dE) and dwarf spheroidal (dSph) galaxies in the outer regions of Perseus, all of
which are previously unstudied. We measure the (V − I)0 colours of our newly discovered
dEs, and find that these dwarfs lie on the same red sequence as those in the cluster core. The
morphologies of these dwarfs are examined by quantifying their light distributions using CAS
parameters, and we find that dEs in the cluster outskirts are on average more disturbed than
those in the core, with <A> = 0.13 ± 0.09 and <S> = 0.18 ± 0.08, compared to <A>
= 0.02± 0.04, <S>= 0.01± 0.07 for those in the core. Based on these results, we infer that
these objects are “transition dwarfs”, likely in the process of transforming from late-type to
early type galaxies as they infall into the cluster, with their colours transforming before their
structures. When we compare the number counts for both the core and outer regions of the
cluster, we find that below MV = −12, the counts in the outer regions of the cluster exceed
those in the core. This is evidence that in the very dense region of the cluster, dwarfs are un-
able to survive unless they are sufficiently massive to prevent their disruption by the cluster
potential and interactions with other galaxies.
Key words: galaxies: dwarf – galaxies: clusters: general – galaxies: clusters: individual:
Perseus Cluster
1 INTRODUCTION
Dwarf elliptical (dE) galaxies (MB > −18), and the fainter
dwarf spheroidal (dSph) galaxies (MB > −14), are the most nu-
merous galaxy type in the Universe. As such, any galaxy evolu-
tion/formation scenario must clearly be able to predict and describe
the properties of these galaxies. As well as being numerous, dwarfs
have low masses (< 109 M⊙), and are therefore more easily influ-
⋆ Based on observations made with the NASA/ESA Hubble Space Tele-
scope, obtained [from the Data Archive] at the Space Telescope Science In-
stitute, which is operated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS 5-26555. These observations
are associated with programs GO-10201 and GO-10789
enced by their environment than more massive galaxies, with envi-
ronment likely playing a vital role in their formation and evolution.
One well-known environmental dependence that dwarfs fol-
low is the morphology-density relation defined by giant galax-
ies (Dressler 1980), such that the fraction of early type galaxies
increases with increasing environmental density. It was noted by
Reaves (1962) that dwarf irregulars were not found in great num-
bers in the Virgo Cluster, despite such galaxies being numerous
in the Local Group, providing the first hints that an environmental
dependence of dwarf galaxy morphology exists. The morphology-
density relation was subsequently shown to extend to the dwarf
galaxy regime in Binggeli et al. (1987), with the number fraction
of dwarf ellipticals increasing with local projected density. This
relationship hints that the formation of dwarfs may be linked to
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the environment in which they reside. However, this environmen-
tal dependence of dwarf evolution is complicated by the fact that
dwarfs in the cores of rich clusters are not a homogeneous pop-
ulation (Poggianti et al. 2001; Penny & Conselice 2008), showing
variations in their star formation histories.
We previously examined the star formation history of dwarfs
in the core of Perseus in Penny & Conselice (2008) using deep
Keck/LRIS spectroscopy down to MB = −12. These dwarfs ex-
hibit a range of ages and metallicities, with an old, metal poor pop-
ulation with ages ∼8 Gyr, and a young, metal-rich population with
ages < 5 Gyr. This spread in ages and metallicities suggests multi-
ple formation scenarios are required to explain their origin.
It is hypothesized that the spread in ages and metallicities
can be explained if at least some dwarfs are the result of the mor-
phological transformation of infalling galaxies. Several formation
scenarios have been proposed to explain the infall origin of such
cluster dwarf ellipticals, with a number of environmental processes
thought to influence the formation and evolution of these galaxies.
Dwarf galaxies are likely susceptible to high speed encounters with
other galaxies (harassment, Moore et al. 1998), ram pressure strip-
ping by the hot ISM (e.g. Grebel et al. 2003), or by interactions with
the tidal potential of their host cluster, group, or galaxy. These pro-
cesses can cease star formation and remove mass from an infalling
progenitor galaxy, transforming it from late to early type. The effi-
ciency of these processes depend on the density of the environment
in which the dwarf resides. However, the degree to which envi-
ronment is important in shaping these low mass galaxies is largely
unknown.
We began to investigate how environment shapes the evolution
of dwarf galaxies in Penny et al. (2009). We investigated the dSph
population in the core of the Perseus Cluster, using deep Hubble
Space Telescope (HST) Advanced Camera for Surveys (ACS) imag-
ing in the F555W and F814W bands. This imaging reveals that
dwarfs in the core of the Perseus Cluster are remarkably smooth
in appearance, lacking the internal features such as spiral arms and
bars seen in observations of brighter dwarf ellipticals (MV < −16)
in the Virgo and Fornax clusters (Jerjen et al. 2000; De Rijcke et al.
2003; Lisker et al. 2006). This result suggests these galaxies have
not recently been transformed from late-type progenitors. Simi-
larly, Lisker et al. (2009) find that dwarfs on circular orbits in the
Virgo cluster are on average rounder than those on more elongated
orbits, with no evidence of disks or residual star formation. Based
on these results, they imply that these round dEs are part of the orig-
inal cluster population, whereas the flatter dEs on elongated orbits
originate from an infalling population.
This study of how environment shapes low mass galaxies was
continued in De Rijcke et al. (2009), where we compared the pho-
tometric scaling relations for early-type galaxies (−8 & MV &
−24) in different environments. This paper is based on our HST
ACS results, as well as data gathered from the literature, compris-
ing of data for a range of environments from the Local Group to
dense clusters. The results of this paper reveal that scaling rela-
tions for dSphs/dEs are almost independent of environment, how-
ever these scaling relations change at MV = −14. This suggests
that below this luminosity, the low masses, and therefore shallow
potential wells, of these galaxies mean different processes likely
drive their evolution.
In this paper we continue our study of dwarf galaxies in the
cluster environment, extending our study of the Perseus Cluster to
its outer regions. Using deep Hubble Space Telescope (HST) Wide
Field Planetary Camera 2 (WFPC2) observations in the F555W
and F814W bands, we target seven fields in the outer regions of
the Perseus Cluster down to MV = -12. This imaging allows us
to compare dwarfs in the core and outskirts of a rich galaxy clus-
ter, to examine the effect of environmental density on the cluster
dwarf galaxy population. Using this imaging, we identify eleven
new dE/dSph systems in the outer regions of Perseus, all located
at cluster-centric radii > 300 kpc. We also identify in this new
imaging ten possible dIrr candidates, which we also discuss in this
paper.
We examine the structures of our dEs and compare them to
those of dEs in the cluster core. We find that the structures of dEs
in Perseus become progressively more disturbed with increasing
cluster-centric radius, which we interpret as evidence that these
dwarfs are undergoing a morphological transition from late to early
type galaxies as they infall into the cluster. However, despite being
morphologically disturbed, these objects show no evidence for re-
cent star formation, following the same colour magnitude relation
(CMR) as those in the cluster core. This result suggests that these
dwarfs have recently transformed from late-to-early type galaxies,
with their colours transforming prior to their structures. We also
compare number counts for both the core and outer regions of the
cluster, and find that very faint dwarfs (MV < −12) are preferen-
tially found in the outer regions of Perseus.
This paper is organized as follows. In Section 2 we discuss
our observations, including cluster membership in Section 2.5. The
analysis of our data is presented in Section 3, with the morpholo-
gies of the dEs are covered in Section 3.1, the colour-magnitude re-
lation as a function of environment discussed in Section 3.4, along
with Galaxy Evolution Explorer (GALEX) UV observations in Sec-
tion 3.5. A comparison of the number counts in both the core and
outskirts of the cluster are presented in Section 4, with a discussion
of our results in Section 5. Our results are summarized in Section
6. Throughout this paper we refer to both cluster dEs and cluster
dSphs as dEs.
2 DATA AND OBSERVATIONS
2.1 Target Cluster
We examine the dwarf galaxy population of the Perseus Cluster
(Abell 426), one of the nearest rich galaxy clusters, with a redshift
v = 5366 kms−1 (Struble & Rood 1999), and a distance D = 72
Mpc. Despite its proximity, it has not been studied in as much detail
as other clusters such as Fornax, Virgo or Coma, most likely due to
its low galactic latitude (b = -13◦).
To examine how local environmental density shapes the clus-
ter dwarf galaxy population involves deep, high resolution imag-
ing sampling the whole cluster, from its dense core to sparse
outer regions. Using HST ACS and WFPC2 observations span-
ning 800 kpc of the Perseus Cluster, we examine the effect of lo-
cal environment on cluster dwarf ellipticals. Our survey design is
shown in Fig. 1, with the ACS observations targeting the core of the
cluster, and WFPC2 observations focusing on the cluster outskirts.
The observations are explained in more detail below.
2.2 ACS observations
As part of the original study of dwarfs in the cluster core, we have
obtained high-resolution HST ACS Wide Field Camera imaging
in the F555W and F814W bands for 5 fields in the core of the
Perseus Cluster, resulting in a survey area of ∼57 arcmin2 (pro-
gram GO-10201). These pointings are in the vicinity of the peculiar
c© 0000 RAS, MNRAS 000, 000–000
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galaxy NGC 1275 (taken to be central galaxy of Perseus) and the
giant elliptical NGC 1272, the two brightest members of the cluster.
Exposure times are one orbit each in the F555W and F814W bands.
The reduction of these data are explained in detail in Penny et al.
(2009) and De Rijcke et al. (2009). The positions on the sky for
these five pointings are shown in Fig. 1.
2.3 WFPC2 observations
Due to the failure of ACS in 2007, we obtained HST WFPC2
imaging for 7 fields in the outer regions of the Perseus Cluster
in the F555W and F814W bands (program GO-10789). The total
WFPC2 survey area is ∼40 arcmin2, and extends to a distance of
600 kpc from the centre of the Perseus Cluster, which is taken to be
the galaxy NGC 1275 (α = 03 : 19 : 48.1, δ = +41 : 30 : 42).
Exposure times are one orbit per field in the F555W and F814W
bands, resulting in a total exposure time of 14 orbits. These data
were obtained in four exposures per field, to remove the effect of
cosmic rays, and other defects, which could masquerade as features
in the dwarfs.
The WFPC2 images were processed using standard IRAF
STSDAS techniques for the reduction of space telescope data, with
a drizzle.scale parameter of 0.5. A drizzle.pixfrac scale of 0.9 was
selected. This produced a final pixel scale of 0.05”, corresponding
to 18 pc at the distance of the Perseus Cluster
Total magnitudes in the F555W for all dwarfs in our ACS
and WFPC2 imaging are measured out to their Petrosian radii
(Penny et al. 2009). The colours of each dwarf are then measured
within the central 1” aperture. We correct these magnitudes for
interstellar reddening adopting the colour excess E(B − V ) =
0.171 of Schlegel et al. (1998). The magnitudes and colours for
the dwarfs in our ACS imaging are then converted to the UBV RI
system using the transformations of Sirianni et al. (2005), allowing
their (V −I)0 colours to be determined. The transformations to the
V and I bands for the WFPC2 dwarfs are those of Holtzman et al.
(1995) for the gain = 7 setting.
2.4 GALEX observations
To determine if any of the dwarfs in either the core or outer regions
of Perseus contain recent star-formation, we utilise deep Galaxy
Evolution Explorer (GALEX) data in the far-ultraviolet (FUV) and
near-ultraviolet (NUV) bands down to NUV ∼24.5. When com-
bined with structural information, star formation can provide an
indicator of whether or not a dwarf is in the process of being trans-
formed from late to early-type. If this is the case, it may retain a
low level of star formation until the transformation is complete and
all star-forming material is removed.
We detect 3 dwarfs (CGW40, CGW45 and CGW46;
Conselice et al. 2003a) in the NUV, all of which are in the clus-
ter core. These dwarfs are all non-detections in the FUV. The UV
data are in AB magnitudes. We correct these magnitudes for in-
terstellar reddening using the colour excess E(B − V ) = 0.171
of Schlegel et al. (1998). The NUV magnitudes and (NUV − V )
colours of these dwarfs are presented in Table 1.
Unfortunately theGALEX observations are not deep enough
to detect the dwarfs in our WFPC2 observations. However, had any
of the more luminous dwarfs in this region supported intense star
formation, they would have shown up in the GALEX imaging
with anomalously blue colours. The three dwarfs that we did detect
in the Perseus Cluster core can be compared to those of dwarfs in
Table 1. Dwarf galaxies in our ACS imaging with GALEX observations.
The NUV magnitudes and (NUV − V ) colours are extinction corrected.
α δ NUV (NUV − V )
Galaxy (J2000.0) (J2000.0) (mag) (mag)
CGW 40 03 19 31.7 +41 31 21.3 22.23 ± 0.43 3.55 ± 0.47
CGW 45 03 19 41.7 +41 29 17.0 21.72 ± 0.28 3.97 ± 0.32
CGW 46 03 19 42.3 +41 34 16.6 22.68 ± 0.45 3.14 ± 0.48
other clusters, to investigate if the (NUV − V ) colour-magnitude
relation is consistent between clusters (§ 3.5), as is observed for op-
tical colours (e.g. De Rijcke et al. 2009). These dwarfs have NUV
colours of normal inactive dEs.
2.5 Cluster Membership
The most reliable method for confirming cluster memberships is
by measuring radial velocities, though this is not easily done for
low surface brightness objects such as cluster dwarf ellipticals,
requiring long integration times. The high resolution and depth
of our HST imaging allows for the separation of cluster dwarfs
and background galaxies based on sizes, structures and morpholo-
gies (e.g. Penny et al. 2009, Trentham & Tully 2009). We also have
confirmed cluster membership for six of the dwarfs in our ACS
imaging based on spectroscopic observations (Penny & Conselice
2008). These spectroscopically confirmed cluster members all have
similar morphologies, with smooth, extended light envelopes, little
or no internal structure and a low surface brightness. All dwarfs in
this study are well resolved, thus if a galaxy has the same morphol-
ogy as a spectroscopically confirmed cluster member, we assume it
is also a cluster member. Dwarf ellipticals are diffuse and symmet-
ric in appearance, whereas background galaxies often contain spiral
structures or tidal features. Dwarf ellipticals can also be separated
from background galaxies as they have a low surface brightness,
whereas background galaxies do not. This method was utilized in
Penny et al. (2009), resulting in a sample of 29 dwarf ellipticals in
the core.
2.5.1 Dwarf Ellipticals
We use the high resolution of our WFPC2 imaging to find dEs in a
similar way to those in the cluster core (Penny et al. 2009), identi-
fying galaxies with similar morphologies to those with confirmed
cluster membership in our ACS imaging. This yields a sample of 11
nucleated dwarf ellipticals (dE,N) in the cluster outskirts. The posi-
tions of these dwarfs within the Perseus Cluster are shown in Fig. 1,
with a selection of images of these dwarfs presented in Fig. 2. A
detailed assessment of these dwarfs, along with those in the cluster
core, will be presented in Penny et al. (in prep).
The presence of nuclei in all the galaxies in our cluster out-
skirts sample is consistent with our sample in the core, where
24 out of 29 (∼ 80%) dwarfs identified in the cluster core
are nucleated down to MV = −12. Previous surveys have
suggested that below MV = −14, nucleated dwarf ellipticals
(dE,Ns) are rare, and more concentrated towards the cluster cen-
tre (Ferguson & Sandage 1989); however more recent studies have
disputed this (e.g. Grant & Phillipps 2005). The high fraction of
faint nucleated dwarfs we have identified is comparable with re-
cent space and ground based surveys of dEs (Grant & Phillipps
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Positions on the sky of the five HST /ACS (double rectangles) and seven HST /WFPC2 (chevrons) pointings, covering both the core and outer
regions of the Perseus Cluster. Also marked are the postions of all dwarf ellipticals identified in this study. The fields and dE positions are overplotted on a
DSS image spanning 600 kpc × 600 kpc of the cluster.
2005; Coˆte´ et al. 2006). There is no evidence for this cluster-
ing in our dE sample, comparable to the findings of Coˆte´ et al.
(2006), who speculate that previous claims that dE,Ns are pref-
erentially found in the cluster center may be due to selection ef-
fects, with only deep ground-based and space-based imaging able
to resolve the nuclei of faint dEs (Grant, Kuipers & Phillipps 2005;
Lotz, Miller & Ferguson 2005).
We further constrain cluster membership by quantifying the
morphologies of all the dwarfs we identify by eye. Cluster dwarfs
can be separated from background ellipticals based on quantitative
measures of their structures, such as though their concentration in-
dices (Conselice et al. 2002; Conselice 2003). This index describes
the ratio of the radii containing 80% and 20% of the galaxy’s light,
with the higher the value of C, the more centrally concentrated the
light distribution is. Background ellipticals will have C > 3.5,
whereas low surface brightness objects such as dwarfs will have C
∼2.5. All dwarfs we identify as dEs have 2.01 < C < 3.15, show-
ing they are low concentration galaxies rather than background el-
lipticals. However, one dwarf in the cluster core sample is found to
have an unusually high concentration index (C= 5.385), due to the
presence of an unusually large nucleus, leading to ambiguity in its
classification. This galaxy could therefore be a compact dwarf or a
background galaxy. We therefore exclude this dwarf from our mor-
phological analysis of the dE population of the cluster core and out-
skirts, though its colour places it on the red sequence of the Perseus
Cluster colour magnitude relation.
Size was also used to place constraints on cluster member-
ship. Dwarf ellipticals have typical sizes 0.5 kpc < r < 2.5 kpc.
Background spiral and elliptical galaxies at z ≈ 0.4 are similar in
angular size to dwarfs in Perseus (3.0”), though the high resolu-
tion of HST imaging allows us to easily reject background spirals
as cluster members. Likewise, background giant ellipticals will not
have such a low surface brightness, will be more concentrated, and
will be generally redder than cluster dEs.
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Dwarf ellipticals in the outer regions of the Perseus Cluster. The
upper right number isMV , and the lower right-hand number is the (V −I)0
colour. Dwarfs 2, 3 and 7 are very red, and we cannot rule out that these are
background objects.
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Figure 3. Two example candidate dIrrs in the outskirts of the Perseus Clus-
ter. The upper right hand number is the galaxy’s total magnitude, and the
lower right-hand number is its (V − I) colour. The candidate dIrrs do not
exhibit the symmetric structures seen for cluster dEs.
2.5.2 Dwarf Irregulars
We identify in our WFPC2 imaging a sample of dwarf sized galax-
ies (0.5 kpc < r < 2 kpc) with irregular morphologies that we
cannot rule out as cluster members based on their colours, which
are likely dIrrs. Two examples are shown in Fig. 3. However, their
cluster membership will need to be confirmed via spectroscopy as
these objects can in some cases appear similar to background spi-
rals. We find no dIrrs in the ACS imaging of the cluster core. It
is hypothesized that infalling lower mass late-type galaxies, such
as dwarf irregulars (dIrrs), are the progenitors of dEs. Through
tidal interactions as they infall into the cluster, these late-type
galaxies lose their gas and cease star formation, and morpholog-
ically transform into early-type galaxies (Michielsen et al. 2008;
Aguerri & Gonza´lez-Garcı´a 2009; Beasley et al. 2009). We iden-
tify dIrrs in our WFPC2 imaging based on their morphologies and
colours. While we identify the dIrr candidates in Fig. 1, further re-
sults concerning the nature of these galaxies will be presented in
Penny et al. (in preparation) once we can better assess the proba-
bility of their cluster membership.
3 ANALYSIS
3.1 Structures and morphologies
It is hypothesized that some dwarf ellipticals are formed via tidal
processes such as ram pressure stripping and the harassment of
galaxies infalling into the cluster (Moore et al. 1998). These trans-
formations are thought to take place in environments with low ve-
locity dispersions, such as galaxy groups which are later accreted
by the cluster. The outskirts of a rich cluster represent a region
where galaxies that have been recently accreted into the cluster
are likely to reside. If the transformation from a late type galaxy
to an early type dwarf elliptical does indeed take place in groups
that are later accreted by the cluster, we might expect to find in
the cluster outskirts a population of dwarfs that retain evidence
of this transformation, such as remnant bars or tidal features (e.g.
De Rijcke & Dejonghe 2002).
Previous studies have found example objects, termed transi-
tion dwarfs (e.g. Grebel, Gallagher & Harbeck 2003), which are
galaxies that show characteristics of both early-type dwarfs (dEs &
dSphs) and late-types (dIrrs). It is likely that dIrrs are the precursors
of dEs, with dEs being dIrrs that have lost their gas or converted it
into stars long ago (Kormendy 1985; Kormendy et al. 2009). Tran-
sition objects have little or no star formation and low luminosities
(typical of dEs or dSphs), as well as containing HI gas as is typi-
cal for dIrrs. For example, Bouchard et al. (2007) find dwarfs in the
Centaurus A Group with morphologies intermediate between early
and late type that contain HI reservoirs. Similarly, Conselice et al.
(2003b) find that dwarfs in the Virgo Cluster with HI gas content
are more similar to Local Group transition dwarfs than regular clus-
ter dEs. Transition dwarfs likely represent a class of dwarfs un-
dergoing the evolutionary transformation between late and early
type galaxies, and may provide important clues as to the origin of
dwarf ellipticals/spheroidals. These galaxies will have morpholo-
gies intermediate between dIrrs/dEs (Sandage & Hoffman 1991),
and we therefore examine the structures of the dwarfs identified in
our WFPC2 imaging to identify such objects.
Morphological evidence for an infall origin will be erased over
time as any internal sub-structure is removed (see § 5). For infalling
dwarfs to retain evidence of the transformation from late-type to
early-type, they must have fallen into the cluster in recent times.
By looking at the distances of our dwarfs from the cluster cen-
ter, we can get an idea of the minimum time a dwarf must have
been in the cluster for. A dwarf located at the edge of the cluster
will either have just started to infall into the cluster, or be on an
eccentric or highly radial orbit. This is because galaxies on circu-
lar orbits are likely part of the original cluster population, whereas
those on radial orbits likely originate from an infalling popula-
tion (Lisker et al. 2009). Combining this information with the mor-
phologies of the dwarfs allows us to see if any of the dwarfs are be-
ing morphologically transformed as they infall into the cluster. For
c© 0000 RAS, MNRAS 000, 000–000
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example, if these dwarfs are infalling into the cluster for the first
time, and have disturbed morphologies, this would suggest they are
in the process of transforming from late-type to early-type galaxies,
with the cluster environment driving this transformation.
The dwarfs in our WFPC2 imaging are all located at projected
distances > 300 kpc from the cluster centred galaxy NGC 1275,
with the most distant dwarfs at distances∼600 kpc from the cluster
centre. If a morphologically disturbed dwarf is at a large distance
from the cluster centre, it is either infalling into the cluster core
for the first time, or else it is on a highly radial orbit. The typical
crossing time for a dwarf entering a cluster such as Perseus will
be ∼1.5 Gyr, therefore a dwarf at a distance of ∼600 kpc from
the cluster centre is either entering the cluster for the first time,
or has been in the cluster for >3 Gyr and is on a highly radial
orbit, as it must have passed through its orbit pericenter already
and returned to the cluster outskirts. Therefore the dwarfs in our
WFPC2 imaging are either old objects or have been in the cluster
for more than 3 Gyr. By quantifying their morphologies, we can
see if the structures of the dwarfs in the cluster outskirts sample are
consistent with a late-infall scenario.
3.2 CAS parameters
We quantify the morphologies of our newly identified dwarfs in
the outer regions of Perseus using the concentration, asymmetry
and clumpiness (CAS, Conselice 2003) parameters. These param-
eters are measured using the inverted form of the Petrosian radius
(Petrosian 1976; Kron 1995; Penny et al. 2009) for each galaxy.
Each dwarf is manually cleaned of background galaxies and fore-
ground stars using the IRAF task IMEDIT prior to the calculation
of the CAS parameters, as these could masquerade as features in
the dwarfs, or contaminate the measurements.
We compute the concentration index (C) for each galaxy,
which is defined as the ratio of the radii containing 80% and 20%
of a galaxy’s light. The higher the value of C, the more concen-
trated the light of the galaxy is towards the centre, with dwarf ellip-
ticals having an average value of 2.5 ± 0.3 (Conselice 2003). The
asymmetry indices (A) for the dwarfs in our sample are also com-
puted. This index measures the deviation of the galaxies light from
perfect 180◦ symmetry. The less symmetric the galaxy, the higher
the asymmetry index. Asymmetric light distributions are produced
by features such as star formation, galaxy interactions/mergers and
dust lanes (Conselice et al. 2000), which are not found in dwarf el-
lipticals in the core of Perseus (Penny et al. 2009).
The third index we measure is the clumpiness index (S). This
index describes how patchy the distribution of light within a galaxy
is. The clumpiness (S) index is the ratio of the amount of light con-
tained in high frequency structures to the total amount of light in
the galaxy. To measure S, the original effective resolution of the
galaxy is reduced by smoothing the galaxy by a filter of width
σ = RPetr/5 to create a new image. The original image is then
subtracted by the new, lower resolution image to produce a residual
map. The flux of the residual light is then summed, and this sum
is divided by the sum of the flux in the original galaxy image to
give the galaxy’s clumpiness (S). For dwarf ellipticals in the core
of Perseus, this is found to be near zero. However, if dwarf ellipti-
cals in the outskirts of Perseus have only recently been transformed
from late to early-type galaxies, then we might expect some inter-
nal substructure to remain. This is because young, blue stars have
short life-times (< 100 Myr, Bruzual & Charlot 2003) compared
to the time-scale for star clusters and large scale star forming re-
gions to dissolve (> 1 Gyr, e.g. Hasegawa et al. 2008). We give a
detailed analysis of this situation in §5. This index is very sensitive
to signal-to-noise, and we found it necessary to compute this index
at half the Petrosian radius of each dwarf.
We compare the CAS values for dwarfs in the core and outer
regions in Fig. 4. Dwarf ellipticals in the outskirts of Perseus have
higher values of both A and S than those in the cluster centre, with
dwarfs in the outer regions of the cluster having asymmetry and
clumpiness values <A> = 0.13± 0.09, and <S>= 0.18± 0.08,
compared to <A>= 0.02±0.04, <S>= 0.01±0.07 for those in
the cluster core. These mean values were calculated using a boot-
strap method. This method selects dwarfs at random for both the
inner and outer regions of the cluster with replacement, drawing
samples with the same size as the original data sets. This was re-
peated 10,000 times for both the inner and outer region data sets,
giving bootstrap samples for the inner and outer regions of the clus-
ter. We then compute a mean for each of the bootstrap resampled
data sets, and calculate the dispersions for these means. The errors
quoted are 1σ from the mean. The dispersions for the means of
these bootstrap samples are 0.024 and 0.010 for the outer and in-
ner asymmetry means respectively, with dispersions for the outer
and inner clumpiness bootstrap means of 0.024 and 0.013 respec-
tively. These results indicate that dEs in the outer parts of Perseus
are significantly more disturbed than those in the cluster core.
We also investigate the significance of this result using a
Monte Carlo method. The Monte Carlo simulation we preform
changes the values of the asymmetry and clumpiness values for
dwarfs in the outer regions of the cluster by randomly varying the
asymmetry and clumpiness values within the error bars for each
galaxy. This is repeated 10,000 times, with the mean for each sim-
ulated outer data set compared to the mean for the inner dwarfs.
What we find is that in none of these 10,000 realisations does the
mean asymmetry of the simulated values for the outer dwarf asym-
metries become lower than that of the inner dwarf galaxies. In fact,
we have to increase the sizes of the error bars by a factor of four
before we see any increase in the fraction of the simulated data sets
having an average asymmetry or clumpiness lower than those found
for the inner sample. For the clumpiness values, the error bars must
be increased by a factor of ten. This implies the increase we see
in the asymmetry and clumpiness values is robust to at least 10 σ
significance.
While the concentration index C does not reflect irregularities
in a galaxy’s light distribution, we compare the results for the two
samples for completeness. We find that C is consistent between the
two environments (c.f Fig. 4), with<C>= 2.58±0.29 for dwarfs
in the cluster outskirts, compared to <C>= 2.52± 0.21 for those
in the cluster core. These means were computed using the same
method as for the asymmetry and clumpiness values. Therefore,
within the error bars, the two populations have the same concentra-
tion values.
3.3 Environmental Dependence of Morphology
Local density decreases with increasing cluster-centric radius, such
that the cores of clusters are more densely populated than the clus-
ter outskirts. Galaxy morphology is dependent on local galaxy
density, with spiral and irregular galaxies more commonly found
in regions of low local density (the morphology-density relation,
Dressler 1980; Binggeli et al. 1987). Our HST survey areas are not
large enough to accurately determine local galaxy density, so we in-
stead use projected cluster-centric distance as an indicator for local
galaxy density.
To determine how the morphologies of our dwarfs change with
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Figure 4. Plots of asymmetry (A) versus concentration (C) and clumpiness (S) indices for dwarfs in the Perseus core (circles) and outskirts (triangles). Average
error bars are provided. Also plotted are average C, A and S indices for dwarf ellipticals and spheroidals (ellipticals and S0s) from Conselice (2003) are plotted
for comparison as circled points with error bars. The solid black line is the relationship between asymmetry and clumpiness from Conselice (2003) The average
values of both A and S are very similar, so do not appear at separate points in the plot of A vs S.
cluster-centric distance, we compute the projected distance of each
dwarf from the cluster centre (taken to be the cluster centred galaxy
NGC 1275), and compare these distances to their A and S values.
The values of C are not investigated as a function of environment,
as this index provides a useful way of separating cluster dEs from
background ellipticals, but does not give a measure of features due
to recent star formation or interactions (Conselice 2003). The re-
sults are shown in Fig. 5.
We fit the relationship between both A and S with R using
a weighted least squares fit, using bootstrap samples. We generate
10,000 bootstrap samples, each of the same size as the original data
set. A weighted least squares fit was then performed to each of the
bootstrap samples. This process is repeated 10,000 times, with a
new least-squares fit found for each resampling. We then find the
mean and dispersions of these fits, with these best fit lines shown
as red lines on Fig. 5. The errors quoted below are the dispersions
of the least squares fits to the bootstrap samples. The following fits
to the data are found:
A = (0.028 ± 0.010)
(
R(kpc)
100kpc
)
− (0.007 ± 0.018), (1)
S = (0.060 ± 0.024)
(
R(kpc)
100kpc
)
− (0.088 ± 0.053), (2)
where R is the projected distance from the cluster centre. There is
a correlation between both A and S with projected cluster centric
distance R, such that the more distant a dwarf is from the cluster
centre, the more disturbed its morphology is.
We confirm this result with a two-sided Kolmogorov-Smirnov
test comparing the morphologies of dwarfs located at R < 250 kpc
with those at R > 250 kpc from the cluster center. We compare
the cumulative distributions of A and S for the core and outskirts
environments. The likelihood that the values of A for the two envi-
ronments are drawn from the same population is 0.33%, and 0.02%
for S. This low significance (< 1%) shows that dwarfs in the outer
parts of the cluster are indeed more disturbed than those in clus-
ter core to a 2.5σ confidence level. However, not all dwarfs in the
cluster outskirts have disturbed structures, with some dEs smooth
like those in the core. This is to be expected as groups accreted into
clusters will contain some smooth dwarfs (e.g. the Local Group
dSphs).
The slopes of the two relationships are similar, and this result
suggests that the asymmetries in the dwarfs are the result of star
formation rather than dynamical processes. The asymmetry and
clumpiness indices are both good indicators of recent star forma-
tion, as star formation produces irregularities in the structure of the
dwarf. The fact that the morphologies of the dwarfs become more
disturbed with increasing cluster-centric radius can be explained by
environmental effects. For example, ram pressure stripping varies
as ρv2, where ρ is the density of the intracluster medium and v is
the speed of the satellite galaxy relative to the ICM. Therefore this
process is more effective towards the core of the cluster as the den-
sity of the intracluster medium increases. Galaxies at smaller clus-
tercentric distances will have their gas removed more quickly than
those in the cluster outskirts, so they cease star formation earlier.
As star formation has ceased more recently for dEs in the cluster
outskirts, their morphologies have not yet completely transformed
from late to early type, unlike those at smaller clustercentric radii.
Alternatively, harassment (Moore et al. 1996) can morpholog-
ically transform a small disk galaxy into a dwarf elliptical as it falls
into the cluster. High-speed close encounters with massive cluster
galaxies cause gravitational shocks that disrupt the disks of small
Sc-Sd galaxies. The rate of these encounters will increase as the
dwarf progenitor galaxy infalls into the cluster, as the density of
the cluster (and therefore number of massive galaxies) increases.
As a result, if a galaxy is transformed from late to early type via
harassment, a galaxy that has just entered the cluster for the first
time will have a more disturbed morphology than one in the core,
as it will have had fewer encounters to destroy its internal substruc-
c© 0000 RAS, MNRAS 000, 000–000
8 S. J. Penny et al.
Figure 5. Plots of A versus R (projected distance from the cluster center) and S versus R for the dwarfs in our sample. The circles are dwarfs in the core of the
cluster, and the triangles are dwarfs in the outer regions. The red lines are least-squares fits to the data.
ture. Therefore a harassment formation scenario can also explain
the more disturbed morphologies found for dwarfs in the cluster
outskirts compared to those in the cluster core.
3.4 Colour magnitude relation
A well-defined colour-magnitude relation (CMR) exists for el-
liptical galaxies, such that the brightest galaxies are the reddest
in colour, as first noted by Sandage (1972) for ellipticals in the
Virgo and Coma clusters. This correlation is generally regarded
as a relationship between a galaxy’s mass (as traced by luminos-
ity), and metallicity (traced by colour, Smith Castelli et al. 2008;
De Rijcke et al. 2009). Dwarf galaxies follow this same colour
magnitude relation (e.g. Penny & Conselice 2008; De Rijcke et al.
2009). Using the newly identified dwarfs in the outer regions of
Perseus, we investigate whether dwarfs in the lower density regions
of rich clusters lie on this same colour-magnitude relation. Given
that the morphologies of the dwarfs in the outskirts of Perseus sug-
gest they have been recently transformed from late to early type,
their colours may also reflect this, in that a recently transformed
galaxy might be expected to be bluer in colour due to having a
younger stellar population.
Our colour-magnitude relation is shown in Fig. 6. We compare
the CMR for the core and outer region dwarf populations, to exam-
ine any environmental dependence on the CMR. The CMRs for the
two regions are fitted using a least squares method with the points
weighted according to the error on their colour. This provides the
following best fits to the data:
Core:
(V − I)0 = (0.76± 0.30) − (0.017 ± 0.022)MV , (3)
and for the outskirts:
(V − I)0 = (0.66± 0.23) − (0.027 ± 0.016)MV , (4)
Galaxies redder than (V − I)0 = 1.3 are excluded from this fit,
due to the ambiguity of their cluster membership (circled points on
Figure 6. Colour magnitude relation for dwarf ellipticals in Perseus. The
circles represent dwarfs in the core of Perseus (ACS), the triangles represent
those in the outer regions of the cluster (WFPC2), and the stars are dIrrs.
The solid line is a linear fit to the colour magnitude relation for the dwarf
elliptical population of Perseus as a whole, excluding any galaxies with
ambiguous cluster membership (circled points, dwarfs 2, 3 and 7).
the CMR, dwarfs 2,3 and 7). However, dwarfs this red have been
found by Mieske et al. (2007) for fainter objects in the Fornax Clus-
ter, which are more distant from the colour-magnitude relation than
our candidate dwarfs, so they are included in our colour magnitude
diagram.
Within the error bars, the colour magnitude relations for the
two environments are identical. This suggests that given the dis-
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turbed morphologies of the dwarf galaxy population the outskirts
of Perseus, it appears that the colours of dwarfs transform prior
to their morphologies. If this were not the case, we would ex-
pect the dwarf population in the outer regions to be significantly
bluer than those in the core, with their colours matching better
their disturbed morphologies. Since dwarf ellipticals in both the
core and outer regions of the Perseus Cluster follow the same
colour magnitude relation (Fig. 6), this implies similar star forma-
tion histories and stellar populations (and therefore metallicities,
Smith Castelli et al. 2008) of dwarfs in the two environments. The
dwarfs have colours consistent with passive stellar populations that
stopped forming stars long enough ago for there to be no age infor-
mation left (Smith Castelli et al. 2008; De Rijcke et al. 2009).
Recent work by De Rijcke et al. (2009) also suggests that all
early-type galaxies follow a single CMR, regardless of environ-
ment, and we investigate if this relation extends to the outer regions
of rich clusters. We perform a least squares fit to the colour magni-
tude relation for the cluster dwarf elliptical population as a whole
(again excluding dEs redder than (V − I)0 = 1.3), giving
(V − I)0 = (0.62± 0.18) − (0.028 ± 0.013)MV , (5)
The relationship between colour and absolute magnitude found
by Mieske et al. (2007) for dwarfs in the Fornax Cluster core is
(V − I)0 = (0.52± 0.07) − (0.033± 0.004)MV , with a colour-
magnitude relation of (V − I)0 = 0.45− 0.039MV found for the
Hydra I Cluster (Misgeld et al. 2007). A similar relation of (V −
I)0 = (0.33± 0.02)− (0.042± 0.001)MV is found for the Cen-
taurus Cluster. Within the error bars, the three clusters have iden-
tical colour-magnitude relations as Perseus for their dwarf galaxy
populations. This also matches the colour magnitude relation found
for dwarfs in the Local Group (Grebel, Gallagher & Harbeck 2003;
De Rijcke et al. 2009). Therefore it appears that the universality of
the CMR extends to dEs in the low-density, infall regions of clus-
ters.
We also include for comparison our dIrr candidates. Like the
cluster dEs, all these galaxies are red in colour, and we can reject
any candidates with (V − I)0 > 1.6 as these are probable back-
ground galaxies. The red colours of these galaxies suggests they
are either background galaxies or dIrrs that have entered the cluster
at recent times, and have been stripped of their gas and ceased star
formation.
3.5 GALEX UV Observations
We extend our study of the cluster colour-magnitude relation to
the UV, by examining the (NUV − V ) colours of our dwarfs
using GALEX data for the Perseus Cluster. If a dwarf has been
recently transformed from late-to-early type, its stellar population
will likely retain evidence of recent or ongoing star formation. Dur-
ing ram presssure stripping, the high pressure of the hot intraclus-
ter medium (ICM) can trigger the collapse of molecular clouds in
an infalling late-type galaxy, leading to a burst of star formation
(Bekki & Couch 2003). Likewise, tidal perturbations in the dense
cluster core can trigger star formation episodes. An indication of
whether recent star formation has taken place in our early-type
dwarfs can therefore be gained by examining their (NUV − V )
colours.
However, a flux in UV does not necessarily identify a young
stellar population. Evolved stars, such as old, hot horizontal
branch and post asymptotic giant branch stars with high metallic-
ity (Bressan, Chiosi & Fagotto 1994) can produce a UV excess in
Figure 7. (NUV −V ) colour magnitude relation for dwarfs in the Perseus
Cluster (triangles), overplotted on the results of Boselli et al. (2005) for dEs
in the Virgo cluster. The Perseus dwarfs for which we have NUV data are
CGW 40, CGW 45 and CGW 46. The line is the CMR for the Virgo Cluster
dEs, which we extend to fainter magnitudes.
early-type galaxies, and it is important to determine if such a pop-
ulation is producing the UV flux in the dwarfs. If a dwarf has un-
dergone a recent burst of star formation, its (NUV−V) colour will
reflect this, being bluer than the colour magnitude relation for early
type galaxies.
3.5.1 The (NUV − V ) colour magnitude relation
Boselli et al. (2005) investigate the (NUV −V ) colour-magnitude
relation for dwarf ellipticals in the Virgo Cluster. By comparing the
colour-magnitude relation for the core of Perseus and for Virgo, we
can see if the (NUV − V ) CMR is consistent between clusters. To
a limiting magnitude of MV = −15, the (NUV −V ) colour index
for Virgo dwarfs reddens monotonically with increasing luminos-
ity. We extrapolate this colour magnitude relation to LV = 107.5
L⊙, to cover the faintest dwarf (CGW46) for which we have NUV
data, with the results presented in Fig. 7. The three dwarfs in the
Perseus core lie on the same CMR as those in the Virgo cluster,
and are not excessively blue, suggesting they have not undergone a
recent burst of star formation.
Given that these dwarfs have remarkably smooth morpholo-
gies (Penny et al. 2009), and that their stellar populations show no
evidence for formation via a recent infall, it is unlikely that the UV
detections of these objects are due to recent star formation. Instead,
this result suggests that the UV detections of these dwarfs is due
to the presence of an old stellar population. This fact can be used
to place a limit on the maximum star formation rate these detected
dwarfs can have. The limiting magnitude of our GALEX data is
NUV = 24.5 (MNUV = −10), and given that most of our dwarfs
are non-detections in the UV, or they are detected due to the pres-
ence of an old, evolved stellar population, the UV flux due to star
formation must therefore be fainter than this. The NUV luminosity
of an object can be used to calculate a star formation rate, using the
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method of Kennicutt (1998). This gives a maximum star formation
rate of ∼ 0.002 M⊙yr−1 for the dwarfs i.e. they must be forming
fewer stars than this per year to be non-detections.
4 NUMBER COUNTS
Due to their low masses, dwarf galaxies are thought to be par-
ticularly susceptible to tidal forces, ram pressure stripping and
harassment. In the centre of the cluster, the cluster tidal poten-
tial becomes stronger, so it is expected that smaller spheroidal
galaxies will be disrupted in this region. In the outer parts
of the cluster, these tidal forces are weaker and dwarfs are
therefore more able to survive the cluster potential, resulting
in higher number counts and a steeper faint end to the lumi-
nosity function (e.g. Thompson & Gregory 1993; Phillips et al.
1998a; Pracy et al. 2004; Sa´nchez-Janssen et al. 2005). However,
in Penny et al. (2009) we argue that most dwarfs currently in the
cores of rich clusters must have a large dark matter component to
prevent such disruption.
We compare the relative numbers of low mass galaxies in the
core and outskirts of Perseus using number counts. All sources in
our ACS and WFPC2 imaging were identified using SEXTRACTOR
(Bertin & Arnouts 1996). Objects with more than 50 contiguous
pixels 2σ above the sky rms were identified. We exclude from our
ACS catalog all objects with central coordinates less than 50 pixels
from the CCD edges and gaps, to prevent the inclusion of incom-
plete objects in the catalog. Edge objects were likewise excluded
from the WFPC2 catalog.
4.1 Star-Galaxy Separation
To provide accurate number counts, stars must be removed from
our object catalogs. As the Perseus Cluster is at a low galactic
latitude (b = −13◦), the object counts will be contaminated by
large numbers of foreground stars. At the distance of Perseus, a
dwarf galaxy with MI = −10 will have an apparent magnitude
I = 24.5, so we therefore require a reliable method to separate
stars and galaxies down to this faint magnitude.
One way to separate stars and galaxies is to use the
SEXTRACTOR stellar classification index CLASS STAR, where a
value of 0 corresponds to an extended source, and a value of
1 to a point source. However, for fainter sources the reliabil-
ity of this classification breaks down, making the separation of
stars and galaxies difficult for sources fainter than I = 22 (e.g.
Leauthaud et al. 2007).
The separation of galaxies and stars is instead done using
the relationship between the SEXTRACTOR parameters MUM MAX
and MAG AUTO, where MAG AUTO is the total magnitude, and
MU MAX is the peak surface brightness of an object against the
background level. This method was utilized by Leauthaud et al.
(2007) to separate stars and galaxies in the COSMOS survey, and
is based on the fact that the light distribution of point sources scales
with magnitude. Point sources such as stars occupy a well defined
region in the MUM MAX vs MAG AUTO plane as they follow the
point spread function (PSF), as shown in Fig. 8, allowing us to sep-
arate stars and galaxies down to F814W ∼ 25. This method does
not distinguish between dEs and dIrrs, so both are included in our
number counts.
Figure 10. Comparison of the number counts for objects in the core and
outskirts of the Perseus Cluster. These counts are normalized to an area of
1 deg2 to allow comparison between the two surveys.
4.2 Number Counts
The galaxies are binned according to magnitude, with the results
shown in Fig. 9 for both the core and outer regions of the cluster,
along with the stellar counts for both regions. The higher stellar
counts in the ACS data at faint magnitudes due to the presence of
large numbers of globular clusters around the giant ellipticals, with
these globular clusters contributing to the point source counts.
To measure an accurate faint-end slope to the galaxy luminos-
ity function, it is essential to ensure that number counts are not con-
taminated by background galaxies. This can be done using spec-
troscopy to measure the redshift of the galaxies in question, or via
the statistical subtraction of background galaxies. However, given
that the same background counts should apply for both the core and
outer regions, we can make a direct comparison for both the core
and outer regions without making a background subtraction.
We compare the number counts for the core and outer regions
in Fig. 10. The error bars are the standard deviation for each bin.
Number counts below F814W = 23 are excluded as these are fainter
than the completeness limits for the WFPC2 imaging. Within our
error bars, the number counts for the two populations are identical
for dwarfs brighter than MI = 21. At F814W > 21.5, the number
counts in the outskirts of Perseus exceed those in the cluster core,
suggesting that for at least the very faintest galaxies (MI < −13,
∼MV = −12) environment plays an important role in their evo-
lution. One such role is that some dwarf ellipticals are unable to
survive in the cores of rich clusters unless they are sufficiently dark
matter dominated to prevent their disruption (Penny et al. 2009).
Dwarfs in the cluster outskirts are subject to smaller direct envi-
ronmental influences, therefore low mass galaxies are more able to
survive in this region. This results in a steeper faint-end slope to the
luminosity function in lower density environments e.g. the ‘dwarf
galaxy-density relation’ suggested by Phillips et al. (1998b).
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Figure 8. Separation of stars (red points) and galaxies (black points) using MU MAX vs MAG AUTO. Point sources follow the PSF, whereas extended sources
(galaxies) lie above this relation. Point sources become indistinguishable from galaxies below F814W = 25.
Figure 9. Raw number counts (no background galaxy subtraction) for galaxies in both the ACS and WFPC2 survey areas. The dashed lines are the stellar
number counts, and the histogram is the galaxy counts. These counts are normalized to an area of 1 deg2 to allow comparison between the two surveys.
5 DISCUSSION
We compare the morphologies and structures of dEs in both the
core and outskirts of Perseus, and find those in the cluster out-
skirts to be on average more disturbed than those in the cluster core.
This can be interpreted in two ways: either the dwarfs are systems
undergoing the transformation from late-to-early type galaxies as
they infall into the cluster, or they are on extremely radial orbits
with small pericentric distances, resulting in them being morpho-
logically disturbed via high speed interactions as they pass through
the cluster core. Such high speed interactions are unlikely to de-
stroy these galaxies unless they pass very close to the cluster core
(Conselice et al. 2001), but are likely to significantly modify their
structures. However, if the structures of such galaxies were indeed
modified as they pass through their orbit pericenter, we would ex-
pect to see morphologically disturbed dwarfs in the cluster core,
whereas in Penny et al. (2009) we identify a remarkably smooth
population of dEs in this region, with no evidence of such morpho-
logical disruption.
However, not all the dwarfs in the outskirts have disturbed
morphologies- some dEs are smooth as are all of those in the core,
with A < 0.1 and S < 0.1. It is thought that clusters grow via the
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accretion of galaxy groups (e.g. Cortese et al. 2006), and groups
such as the Local Group contain a fraction of dEs and dSphs, as
well as dIrrs. Therefore at least some of the dwarfs entering the
cluster will have smooth morphologies, and only those transform-
ing from dIrrs or spirals will have disturbed morphologies.
The dEs we identify lie on the colour magnitude relation ex-
pected for dEs in all environments, suggesting that if they do orig-
inate from an infalling population of galaxies transforming from
late-type to early-type, they have lost their gas and therefore ceased
star formation. We infer that these galaxies in the outer regions of
Perseus are therefore “transition dwarfs”, with the cluster environ-
ment likely playing an important role in modifying these galax-
ies (e.g. Gallagher & Hunter 1989). Other examples of such dwarfs
have been found in the Virgo and Fornax clusters (De Rijcke et al.
2003; Lisker & Fuchs 2009). These dwarfs lie on the red sequence,
but do not have the smooth structures found for the dwarf ellipticals
in the core of Perseus. This can be explained due to the timescales
required for the colour and morphological transformation of a late-
type to early-type galaxy. The process of removing gas from a star
forming dwarf can take place over short timescales given the shal-
low potential wells of these galaxies. For example, ram-pressure
stripping can remove the gas reservoir, shutting off star formation
in a dwarf galaxy entering a cluster over a timescale of ∼100 Myr
(Mori & Burkert 2000; Michielsen et al. 2004). Evidence for this
gas removal has been seen, with the majority of dEs in the Virgo
Cluster do not contain HI gas (Conselice et al. 2003b), suggesting
that the process of gas removal is very efficient in low mass galax-
ies, causing star formation to halt rapidly.
The colours of star forming galaxies, and star forming regions
within these galaxies, are dominated by young, blue O and B type
stars. However, once their gas has been removed via ram pressure
stripping or some other method, the reservoir of gas required to
fuel this star formation no longer exists. Therefore the colour of
the galaxy will rapidly redden due to the short main-sequence life-
times of massive stars. We can use the Bruzual & Charlot (2003)
models to find over what timescale a galaxy will transform from
blue to red once star formation ceases. We plot (B−R) and (V −I)
colours versus time in Fig. 11. The (B−R) colours are included for
reference as this colour will evolve faster than the (V − I) colour.
It can be seen that a blue stellar population evolves rapidly to a red
one, with a galaxy transforming from blue to red over a timescale
of ∼0.5 Gyr. If ram pressure stripping is the dominant mechanism
driving the transformation from blue to red galaxies, then the com-
plete transformation from a blue, star forming dwarf to a red, pas-
sive dwarf will take 0.5 - 1 Gyr.
However, to completely transform from a late to early type, in-
ternal sub-structure must be removed from the galaxy. The dwarfs
in the outer regions contain asymmetries and clumpiness in their
light distribution, whereas those in the core do not, so if the two
populations of dwarfs have the same origin, clearly this structure
must somehow be removed. We can estimate over what timescale
star clusters within the dwarf will dissipate, removing substruc-
ture caused by star formation. Stars typically form in clusters of
M ∼ 103 M⊙, and these will disperse and dissolve over time. Such
clusters in dense environments such as the center of the MW will
dissolve rapidly, on a timescale of ∼ 10 Myr (Kim et al. 2000).
However, dwarf galaxies typically have stellar densities much
lower than in more massive galaxies, and therefore the timescale
for star clusters to evaporate will be longer. Open clusters in the
outer regions of the MW are found to have ages between 0.5-6
Gyr (e.g. Hasegawa et al. 2008). Also, substructure such as spiral
arms and bars has been found for two dEs in the Fornax Cluster
Figure 11. The evolution of the Bruzual & Charlot (2003) models of the
(V − I) and (B − R) colour indices with time. We include models for
[Fe/H]= −1.65,−0.33, and +0.56. The shaded region represents the
range in colours for our dwarfs in both environments, excluding the very
red cluster candidates in our WFPC2 imaging due to the uncertainty in their
cluster membership.
(De Rijcke et al. 2003), with ages > 2 Gyr determined for these
dwarfs via spectroscopy (Michielsen et al. 2007). It is likely there-
fore that structure will remain in a dwarf galaxy that has ceased
star formation for at least a Gyr, though detailed simulations will
be required to obtain a more precise life-time. Therefore, the mor-
phological transformation from late to early type galaxy will take
longer than the colour transformation.
Other processes will also play a role in the transformation
from late-to-early type galaxy to a lesser extent. For example
galaxy harassment (Moore et al. 1998) caused by encounters with
larger galaxies and the cluster’s gravitational potential, will trans-
form a disky late-type galaxy into a dE or dSph over a timescale
of 3-4 Gyr. Such an encounter will cause the internal kinetic en-
ergy of the infalling galaxy to increase, modifying its energy and
mass profile. To counteract this and regain equilibrium, the size of
the galaxy will increase and it loses its most energetic stars. Over
time, the galaxies density decreases, resulting in the morphological
transformation of a spiral to a dE over several orbits (∼ 2-4 Gyr).
The number counts of faint dwarfs (MV < −13) suggest that
in the dense cluster core, environmental influences become very
important, with only the most dark matter dominated dwarfs with
sufficient mass to survive the cluster tidal forces able to survive in
this region. These forces are lower in the cluster outskirts, resulting
in higher number counts compared to the core region.
The result that the lowest mass dwarfs are preferentially
found in less dense regions has been observed for other clusters.
Pracy et al. (2004) find that the luminosity function in Abell 2218
changes from α = −1.23 in the cluster core to α = −1.49 outside
the radius r = 300 kpc. Likewise Sa´nchez-Janssen et al. (2005)
find a similar result for the Hercules Cluster (A2151), with the ra-
dial LF showing a trend of increasing faint-end slope as cluster-
centric radius increases. This result is likely due to tidal processes,
which are more effective at smaller cluster-centric radii.
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6 CONCLUSIONS
We identify from HST ACS imaging a total of 11 dwarf ellipti-
cals in the outskirts of the Perseus Cluster, all of which are newly
discovered. We compare the colours, structures and morphologies
of these newly discovered dwarfs in the cluster outskirts to those in
the core region, for which we have HST ACS imaging. To quan-
tify their morphologies, we compute their concentration, asymme-
try and clumpiness (CAS) parameters and compare these results
to those obtained in Penny et al. (2009) for the dwarfs in the core.
The dwarfs in the cluster outskirts have, on average, more disturbed
structures than those in the core, with <A> = 0.13 ± 0.09 and
<S> = 0.18 ± 0.08, compared to <A> = 0.02 ± 0.04, <S>
= 0.01 ± 0.07 for those in the cluster core.
The fact that the dwarfs in the cluster outskirts are morpho-
logically disturbed whereas those in the core are not suggests that
those in the outskirts are part of an infalling population of galaxies
transitioning from dIrr to dE, and not part of an original population.
We show that these galaxies lie on the same red sequence as those in
the cluster core, showing they have ceased star formation. Further
evidence for this lack of star formation comes from our GALEX
imaging, whereby none of the dwarfs in the outer regions are de-
tected in our NUV imaging, indicating they have SFRs of less than
0.001 M⊙yr−1. From this, and the fact that these dwarfs have more
disturbed morphologies than those in the cluster core, we infer and
show that the colours of these galaxies transform over a quicker
timescale than their morphologies. By comparing the colours of
these dwarfs to Bruzual & Charlot (2003) models of colour ver-
sus the time since star formation ceased, we find that the colours of
these galaxies can transform rapidly over a timescale of∼500 Myr,
whereas substructure likely remains in the galaxies for several Gyr
after star formation ceases.
Finally, to examine if local galaxy density has an effect on the
faint end slope of the luminosity function, we investigate how the
number counts in the dense core of Perseus compare to those in the
outskirts. The number counts for faint galaxies (MV < −12) are
higher in the cluster outskirts than in the core, suggesting that the
faintest galaxies are unable to survive in the very dense parts of the
cluster unless they are sufficiently dark matter dominated to prevent
their disruption by the cluster potential. This provides further evi-
dence for the existence of a dwarf galaxy density relation, whereby
a steeper faint-end slope of the luminosity function is found in the
lower density environments.
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